ABSTRACT: The response of coastal bacterioplankton communities to the 'Prestige' oil spill in November 2002 was investigated off A Coruña (NW Spain). Abundance and activity (leucine uptake) of bacterioplankton communities were analysed in relation to total soluble hydrocarbon concentrations (THC) measured monthly for 1 yr after the spill. Temperature, chlorophyll a, total and particulate organic carbon (TOC and POC, respectively), along with oxygen concentrations were also measured. The highest THC values (140 µg l -1 ) were found near the coast shortly after the spill, decreasing thereafter, although peak concentrations of 75 µg l -1 were detected in summer. Besides those peaks, THC was much lower and was not correlated with TOC or with bacterial abundance or activity. In contrast, bacterial variables were significantly correlated with water temperature, chlorophyll a and TOC concentrations. Compared to data obtained before the spill, bacterial abundance did not change but bacterial activity was significantly enhanced, especially during winter and summer. Potential hydrocarbon degradation by bacteria was indicated by elevated production rates and an increase in the apparent oxygen utilisation during winter. The estimated degradation rates could account for the observed decrease in THC after the initial spill. Changes in hydrocarbons after the winter, however, could not be related to bacterial production, as the latter was more related to changes in phytoplankton biomass and TOC. 
INTRODUCTION
In situ degradation by natural bacterial populations has been claimed to be one of the main mechanisms for cleaning oil spills in the sea (Aggarwal et al. 1997 , Bolliger et al. 1999 , Medina-Bellver et al. 2005 . Several groups of bacteria have been shown to be capable of oil degradation and are present in marine communities in areas frequently exposed to hydrocarbons (Golyshin et al. 2003 , Martín-Gil et al. 2004 . Microbial degradation of fuel was shown for natural communities living in sediments (Lindstrom et al. 1999 , Kaufmann et al. 2004 , microbial mats (Bordenave et al. 2004 ) and coastal habitats (Medina-Bellver et al. 2005 , Gerdes et al. 2005 . At the same time, hydrocarbon-degrading bacteria often increase their relative abundance in natural communities after an oil spill (Maruyama et al. 2003 , Bordenave et al. 2004 . Changes in total abundance and production of natural bacterioplankton communities in relation to oil spills, however, are rarely reported (Delille & Siron 1993 , Piehler et al. 2002 .
The oil tanker 'Prestige' sank on 19 November 2002 off the Coast of Galicia (Fig. 1) after the breaching of some of its tanks 6 d earlier. More than 60 000 metric tons of fuel were released into the water and affected most of the coast in the southern Bay of Biscay (García-Soto 2004) . Several studies investigated the distribution and fate of the fuel immediately after the spill (IEO 2003 , García-Soto 2004 . Changes in phyto-and zooplankton communities induced by the spill could not be distinguished from natural variability (IEO 2003 , Varela et al. 2005 but nearshore bacteria were able to degrade fuel shortly after the spill (Medina-Bellver et al. 2005) .
The objective of the present study is to investigate changes in abundance and activity of natural bacterioplankton communities in relation to fuel concentration in the water column after the 'Prestige' oil spill. Previous studies on these communities from the pre-spill period for the same area are used as the reference baseline for natural variability (Teira et al. 2003 , Valencia et al. 2003 , Bode et al. 2004a ).
MATERIALS AND METHODS
Study sites. Two sampling stations were studied near A Coruña (Fig. 1) . These stations were monitored at monthly intervals from 1988 and allowed for comparison of pre-and post-spill conditions (Varela et al. 1996) . In this study, we used monthly samples between November 2002 (2 wk after the accident) and December 2003 (ca. 1 yr after the initial spill). Stn 2 was located on the shelf with a maximum depth of 80 m, while Stn 4 was near the coast with a maximum depth of 20 m.
Hydrocarbon concentrations. Total hydrocarbons (THC) were sampled with Niskin bottles at 3 depth levels (Stn 2: 0, 10 and 70 m; Stn 4: 0, 10, and 18 m) and determined by integration of the fluorescence emission spectra measured in a Perkin Elmer LS50B spectrofluorimeter between 370 and 386 nm (excitation at 310 nm) after hexane extraction (Ehrhardt 1983) . The concentrations were computed after calibration with fuel from the 'Prestige' collected from the sea in Bacteria. Samples of bacteria were collected at 4 depth levels (Stn 2: 0, 5, 10 and 70 m; Stn 4: 0, 2, 4 and 18 m) with Niskin bottles. Abundance of heterotrophic bacteria (HB) was determined by DAPI staining and epifluorescence microscopy (Porter & Feig 1980) . Photosynthetic organisms were removed from the counts by using blue light to stimulate red autofluorescence (Bode et al. 2001) . Bacterial production (BP) was determined in triplicate samples incubated at the laboratory with 3 Hleucine for 30 min (Kirchman 1993) . Labelled bacteria were recovered by centrifugation. Leucine uptake rates were referred to in situ temperatures and initial additions of 50 nM of leucine using the equations provided in Valencia et al. (2003) . Additional methodological details and data on pre-spill bacteria at the same stations (HB: January 1995 to September 1999; BP: February 1998 to September 1999) are given in Teira et al. (2003) , Valencia et al. (2003) and Bode et al. (2004a) . Growth rates (μ = ln [1 + carbon uptake/carbon biomass]) were computed after converting abundance and leucine uptake values into carbon biomass using the empirical factors determined in the pre-spill period (Valencia et al. 2003) .
Environmental variables. Additional characterisation of the water column was made using temperature from CTD profiles, dissolved oxygen, chlorophyll a (chl a), and particulate (POC) and total organic carbon (TOC). Discrete water samples at up to 6 depth levels were collected with Niskin bottles mounted on a rosette. Dissolved oxygen was determined by Winkler titration using a potentiometric endpoint detector (e.g. Serret et al. 1999) . Apparent oxygen utilisation (AOU) was estimated as the difference between the potential oxygen saturation at the sampling depth (UNESCO 1984) and the measured oxygen concentration. Positive AOU values indicated oxygen consumption exceeding inputs from the atmosphere and primary production while negative values indicated supersaturating concentrations. Chl a was determined by the fluorometric method (Parsons et al. 1984) on acetonic extracts of material collected by vacuum filtration on Whatman GF/F filters. Organic carbon was determined by a CHN elemental analyser after filtration by Whatman GF/F filters (POC) or catalytic combustion at high temperature of unfiltered and acidified samples (TOC). Dissolved organic carbon (DOC) was computed as DOC = TOC -POC. The procedures employed are detailed in previous studies describing the seasonality of the variables in the study area (Casas et al. 1997 , Bode et al. 2004a .
Statistical tests. Differences between pre-and postspill values were determined by Mann-Whitney tests. Correlation between variables was measured by Pearson coefficients and their significance determined by Student's t-test (Sokal & Rohlf 1981) . 
RESULTS

Hydrocarbons in the water column
Taking into account all samples, fuel concentrations at 10 m were significantly correlated with those at the bottom layer, considering either pooled values for both stations (r = 0.823, n = 23, p < 0.001) or individual stations (Stn 2: r = 0.844, n = 9; Stn 4: r = 0.937, n = 12). Therefore, only surface and bottom results are reported (Fig. 2) . Nevertheless, sudden increases of fuel near the bottom in summer (July, September) at both stations, notably at Stn 2, were not detected at the surface. The highest values of fuel concentration were measured in December 2002 at the coastal station (unfortunately, the shelf station samples from this date were lost). Values are expected to be even higher in November 2002, shortly after the spill. Total organic carbon was not correlated with THC (r = 0.036, n = 59, p > 0.05) even when the former mostly showed DOC variations (r = 0.987, n = 59, p < 0.001). The annual maximum of TOC occurred in mid-summer at both stations, and minimum values in winter (Fig. 3 ).
Bacterial abundance, production and growth rate
The seasonal variation of mean bacterial abundance in 2003 was similar to that described before the spill (Fig. 4) . Values for both stations were always within 95% confidence limits of pre-spill monthly means. Maximum abundance values were always reached by late summer (August to September) and minimum values at the time of the major spill (November to December).
In contrast with abundance values, the mean rates of bacterial production after the spill were generally higher than those measured in the same months before the spill (Fig. 5 ). Significant values (Mann-Whitney test, p < 0.05) were found in January to February (both stations), April (Stn 2) and July, September and October (Stn 4). Only production increases in January, however, coincided with relatively high concentrations of fuel in the water column. In contrast, no clear production increases were associated with THC maxima in July and September at Stn 2. Bacterial abundance and production were significantly correlated with water temperature, chl a and TOC concentrations but not with fuel concentration or AOU, when results for both stations were pooled for the whole post-spill study period (Table 1) .
The relationships between bacterial activity and fuel concentrations were further studied by using bacterial growth rates for both pre-and post-spill periods, as growth rate was significantly correlated with BP (r = 0.739, p < 0.001, n = 55). Monthly average values for December 2002 to April 2003 were significantly higher than rates measured in the same months before the spill (Table 2 ). These differences were more consistent at Stn 2 than at Stn 4. In addition, the analysis of previ- ous data revealed that high bacterial growth rates in the autumn were not unusual in the area before the spill (e.g. Stn 2 in November). When pooling the values by seasonal periods (winter: December to February, spring: March to May, summer: June to September and autumn: October and November) the highly significant growth rates observed in winter after the spill at Stn 2 coincided with a significant increase in AOU values (Fig. 6 ). Taking into account that chl a values were not significantly different, enhanced bacterial growth and oxygen consumption further supports the bacterial degradation of fuel in winter. However, large variability of growth rates and the absence of oxygen data did not allow for the detection of significant differences for the post-spill spring. Chlorophyll and temperature values were mostly the same for pre-and post-spill periods, with the exception of high chl a during the spring and high temperature during autumn before the spill. This suggests that the environmental conditions after the spill were not very different than those from the pre-spill period used as a reference. Significantly low growth rates and high AOU measured in the autumn after the spill may not be related to fuel degradation or phytoplankton blooms as in winter. Similarly, the seasonal pattern of bacterial growth rates and environmental variables at Stn 4 generally followed that of the shelf station (Fig. 7) . The main similarities were the enhanced bacterial growth rates and high AOU values in the winter after the spill. In this case, however, there was also a significant increase of growth rates in summer but AOU values were not enhanced.
Estimation of bacterial degradation of fuel
Measurements obtained in the winter months after the spill (December 2002 to February 2003 can be used to obtain indirect estimations of bacterial contribution to the reduction in THC and oxygen from the water column. First, bacterial carbon demand (BCD) and respiration (BR) were computed from estimations of bacterial growth efficiency (BGE) using the empirical model of Rivkin & Legendre (2001) . As the average values of bacterial production and temperature were similar for both stations, we obtained BGE = 0.24 and BCD = 4.16 µg C l -1 h -1 (Table 3) . With these values we estimated that the significant increase in AOU after the spill could be explained by bacterial respiration (ca. ) watercolumn temperature at Stn 2 seasonally averaged for pre-(white bars) and post-spill periods (black bars). Significant differences between means determined by Mann-Whitney test (***p < 0.001, **p < 0.01, *p < 0.05). Number of data averaged can be found in Table 2 using the maximum concentrations of THC found at Stn 4 in December 2002, the estimated BCD could account for the total THC degradation on 25 d. These computations likely represent an upper limit of actual rates of hydrocarbon degradation by bacteria, as not all fuel compounds would be readily available for bacteria. In addition, bacteria may use other dissolved carbon sources as maximum THC accounted for only 12 to 14% of TOC (Table 3) .
DISCUSSION
Fuel pollution in shelf waters
Despite the large release of fuel from the 'Prestige', relatively low concentrations were found in shelf waters in most of the area, even shortly after the wreckage (IEO 2003) . Intense hydrodynamic processes, such as vertical mixing due to wind and storm conditions in the winter and the dominant poleward flow ( Fig. 7 . Mean (+ SE) values of (a) bacterial growth rate, μ, (b) chl a, (c) apparent oxygen utilisation, AOU, and (d) watercolumn temperature at Stn 4 seasonally averaged for pre-(white bars) and post-spill periods (black bars). Significant differences between means determined by Mann-Whitney test (***p < 0.001, **p < 0.01, *p < 0.05). Number of data averaged can be found in Table 2 area was among those heavily affected by the spill (both in the water column and in the sediments), as suggested by Medina-Bellver et al. (2005) for a location in the nearby Ria de Ferrol (30 km to the north). When compared with data collected from the pre-spill period in the study area, neither phyto-or zooplankton communities showed any significant change related to the fuel (Varela et al. 2005) . These results were similar to those reported for oil spills with highly viscous fuel (Tronczynski et al. 2004) . The 'Prestige' fuel was a mixture of aromatic and saturated hydrocarbons, along with asphalthenes and resins (Alzaga et al. 2004 ). Naphthalene, phenanthrene and alkyl derivatives were the main aromatic compounds. The relatively low concentration of volatile compounds caused fuelderived floating slicks, sometimes at subsurface depths, capable of travelling long distances from the release point (Garcia-Soto 2004) . The persistence of fuel slicks and particles would explain the increases in dissolved fuel observed during the summer, notably at the coastal station. Similarly, increases in fuel concentrations in the water column several months after the 'Erika' oil spill in December 1999 on the French coast were attributed to mobilisation of fuel retained in the sediments (Tronczynski et al. 2004 ).
Bacterioplankton response
Our study revealed a limited response of the bacterial community to the fuel in the water column. At first, abundance values were within the range observed before the spill. This result agrees with other field studies in open waters (Delille & Siron 1993) but contrasts with those reported for laboratory experiments with oil-treated microcosms, in which total number of bacteria increased significantly after contamination with water soluble hydrocarbons (Medina-Bellver et al. 2005 , Sargian et al. 2005 . Such difference could be due not only to the variable toxicity of the different hydrocarbons involved in each case study, but also to their concentrations and time of exposure for the bacterioplankton. Also, the degrading population probably represents a minor percentage of total bacterial population in open shelf waters. Controlled experiments with natural plankton populations in enclosures often employ much higher initial contamination levels, generally in the range of several µg ml -1 (Medina-Bellver et al. 2005) , than those experienced by plankton in open waters, generally in the range of 10 2 µg l -1 (IEO 2003) . Furthermore, the enclosure of plankton, along with the increase in temperature and the addition of inorganic nutrients (Medina-Bellver et al. 2005) or the exclusion of major zooplankton grazers during the experiments (Sargian et al. 2005) , favours the growth of microbial populations and allow for the rapid accumulation of cells. Thus, in experimental cultures, the difference in growth rate or cell number between treatments with and without added hydrocarbons is used to measure their effects. In contrast, natural plankton communities in the field may evolve differently because they are subject to rapid hydrodynamic changes and grazing control.
Bacterial production did not increase immediately but several weeks after the spill, likely due to low temperature (ca. 14°C) and high vertical mixing of the water column. Deleterious effects of water-soluble hydrocarbons on the bacterial assemblage, however, cannot be discounted. In this regard, laboratory studies showed a decrease in production values after addition of hydrocarbons (Sargian et al. 2005 ) along with an increase in the duration of the lag-phase in bacterial growth (Garcia et al. 1998 ). The enhanced bacterial growth observed after January 2003 with water temperature values similar to those of December coincided with low dissolved oxygen and chlorophyll concentrations. This suggests an increase in bacterial degradation of dissolved organic substrates such as those provided by fuel derivatives. In contrast, subsequent peaks in bacterial growth rates observed in spring, late summer and fall were more related to phytoplankton blooms, particularly near the coast. The expected relationship between bacterioplankton and phytoplankton dynamics (Gasol & Duarte 2000) , already described for the study area (Valencia et al. 2003) , complicates the interpretation of enhanced bacterial growth rates in relation to fuel concentrations in the water. Thus, the decline in fuel concentrations after the winter occurred in coincidence with phytoplankton blooms, which were associated with high bacterial growth rates.
Soluble hydrocarbons were a small fraction of TOC in our study. Dissolved organic matter from phytoplankton origin, however, is known to be the main substrate for marine bacterioplankton. Bacterial production was significantly correlated with primary production in the study area (Valencia et al. 2003) and seasonal studies showed a lag between peaks in the accumulation of dissolved organic matter and bacterial activities (Teira et al. 2003 , Bode et al. 2004b ). These lags are related to the accumulation of dissolved organic substrates after phytoplankton blooms. Similarly, the increase in bacterial growth rates in some mesocosm experiments treated with soluble hydrocarbons was related to the release of organic substrates from the decaying phytoplankton cells, rather than a direct effect of the added hydrocarbons (Garcia et al. 1998 , Sargian et al. 2005 ).
Significant enhancement of bacterial growth and respiration in the winter after the 'Prestige' spill indicate that bacterioplankton was a potential pathway for hydrocarbon degradation in shelf waters. These results agree with the evidence of oil degradation by coastal bacteria shown by field studies using stable isotopes and experimental cultures of natural bacterial assemblages in the area affected by the 'Prestige' oil spill (Medina-Bellver et al. 2005) . When phytoplankton blooms dominated (Varela et al. 2005) , bacterial growth was not directly linked to THC variations, suggesting the participation of other biotic and abiotic processes in the removal of hydrocarbons. In the case of the 'Prestige' oil spill, the possible effects on phytoplankton and zooplankton communities could not be distinguished from natural variability, likely because of the relatively low concentration of hydrocarbons in shelf waters after winter. Abiotic mechanisms, as evaporation and dissolution (Wang & Fingas 1995) or photodegradation (Garret et al. 1998) , would also have facilitated the elimination of both the relatively small fraction of light hydrocarbons and most of the heavy compounds of the oil.
In this study, indirect evidence of bacterial degradation of the 'Prestige' oil spill is indicated by elevated production rates following maximum hydrocarbon concentrations in the water column. The estimations of potential bacterial degradation agree with the observed decrease in hydrocarbons during winter. Further changes in hydrocarbon concentrations during spring, summer and autumn, however, could not be related to bacterial production, as the latter was closely related to changes in phytoplankton biomass.
